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I SUMMARY

The studies described here, which are an outgrowth of our previous work on persistent IR

spectral hole burning and the high resolution far IR spectroscopic properties of solids, pertain
mainly to understanding the cause of the anomalous thermal and vibrational energy transfer

properties which we have found in some crystalline and glassy solids. The anomalies we have

uncovered are not simply associated with some individual complexity of a particular system but
instead indicate that there is a common cause, that is, a characteristic but as yet not clearly specified

way by which a variety of systems may transfer vibrational energy.
The evidence is not all in but it appears that, in addition to plane wave vibrational excitations

of the lattice, there may be localized vibrational solitons which can move through the crystal.
Because the presence of these localized excitations relies on crystal anharmonicity in the pure

crystal, they could appear when some region of the lattice was placed under extreme conditions,

for example, immediately after an optically induced S -> P state electronic or molecular vibration
transition or after a M6ssbauer recoil. The presence of point or line defects in the solid would

provide a natural low temperature habitat for these localized excitations. The dynamics should be

similar to those of localized defect modes, as calculated in the harmonic approximation, except for
some important differences. If defects are close enough together then these localized excitations
could tunnel or hop from one site to another. As the temperature of the lattice is increased these

excitations could escape from the defect neighborhood since they also are allowed in the perfect
crystal. One result would be a completely different local mode spectrum.

If these localized excitations do exist then it becomes possible to interpret some solid state

phenomena in a new way. For example, in glasses and glassy crystals the tunneling of such
vibrational solitons (vibrational energy) from place to place is at least as easy to understand as the

likelihood that "groups of atoms" produce a similar tunneling signature in all amorphous solids.

One end result would be that the persistent spectral hole burning observed so far for all glass
matrices would stem from the tunneling of vibrational solitons near the probe center.

The occurrence of an energy gap law (log of the decay rate - -AE/Ep,.) to describe the

non radiative energy decay rate of rare earth ion inner shell electronic excited states in solids and

the apparent absence of a similar law for more strongly phonon coupled electronic states or for

molecular vibrational states with the same transition energy AE is another example. Small
amplitude photon induced change.q excite phonons which move away from the site at the velocity

of sound while large amplitude ones generate vibrational solitons which may move away at - 1/20
th the velocity of sound or may not move at all and hence produce local hot spots. In this picture

the two vibrational limits produce completely different energy transfer dynamics because the

underlying anharmonic solid is fundamentally bistable.
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In the next section of the final report we briefly review our major experimental measurements

obtained during the last three years.

(a) Hole burning in chalcogenide glasses: Persistent IR spectral holes (PIRSHs) have been

generated in the electronic ground state inside the inhomogeneously broadened vibrational

absorption bands of various molecule:chalcogenide glass combinations. They all show persistent

IR spectral holes and spontaneous hole filling at low temperatures. A remarkable result is that the

quantitative form of the nonexponential hole relaxation depends solely on the average coordination

number of the glass independent of chemical composition.

(b) PIRSH Burning of Tb3+ in Alkaline Earth Fluoride Crystals: Surprisingly these PIRSHs in
"glassy" crystals display the characteristic properties of spectral holes burned in true glasses,

including highly non-exponential hole relaxation on time scales ranging from a few minutes to

many hours, and a broad distribution of barriers observable in thermal cycling studies.

(c) N%2 Ions in Alkali Halides: Four different kinds of vibrational hole burning for various

NO2-:host combinations have been carried out. They are: (1) the hole and antihole in the same

absorption line, (2) the antihole removed in frequency from the inhomogeneously broadened line,

(3) multiple antiholes and (4) the burning at one vibrational mode frequency while monitoring the

persistent changes produced in the other internal (IR) or external (FIR) modes with a high

resolution FT interferometer.

(d) Calculations and Simulations of Stationary Vibrational Solitons in Crystals: In some ways the
stationary localized mode results for perfect anharmonic crystals are reminiscent of the defect

induced local modes studied in the harmonic approximation. For example, a monatomic 1-D lattice

produces a vibrational soliton above the plane wave spectrum and a diatomic one gives intrinsic

vibrational solitons both in the gap between the optic and acoustic plane wave spectrum as well as

above the optic branch.

(e) KI:Ag+ Vibrational Dynamics: First Evidence for Vibrational Solitons: The silver ion in KI is

the most thermally unstable lattice-defect combination known. Why? It now appears that the

occurrence of rapid temperature dependences in defect signatures such as the optical properties of

"harmonic-like" vibrational modes observed in KI:Ag+ at low temperatures may result from

localized anharmonic modes being released into the lattice.
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II. PROGRESS

Persistent spectral hole burning (PSHB) is a high-resolution laser spectroscopic technique

which provides a means of probing the microscopic dynamics of a solid through its interactions with

optically active impurity molecules. In essence, the technique uses a narrow bandwidth laser to

selectively bleach the optical absorption arising from the small subset of impurities which happen to

be in resonance with the laser frequency. The resulting reduction in absorption strength in the

narrow frequency region about the laser frequency is known as a "spectral hole" and if the lifetime of

this hole is longer than any of the impurity excited state lifetimes, the hole is said to be persistent.

Persistent hole lifetimes at liquid helium temperatures typically range from a few seconds to many

hours or even days. The utility of the phenomenon lies in the fact that, because only those centers in

resonance with the laser are involved in the hole burning, it is possible to extract the lifetime-limited

homogeneous linewidth, which would ordinarily be obscured within the disorder-dominated

inhomogeneous absorption band. Furthermore, because in glasses the hole burning process itself is

intimately connected with the existence of multiple metastable configurations of the glass, it is

possible, by studying the time evolution of the spectral hole, to learn about the low temperature

relaxation dynamics among these glassy configurations.

Persistent spectral hole burning is to be contrasted with the older technique of transient

saturation hole burning.0. 2) The latter is a high intensity technique, requiring that the rate at which

photons are absorbed be comparable to the rate at which the impurities relax back to their ground

state; intensities used are typically several kW/cm2, and these holes persist only as long as the excited

state lifetime, typically on the order of a nanosecond. In persistent spectral hole burning, high laser

intensities are not required. The long lifetime of the effect makes it possible for a spectral hole to

gradually build up over time, even at low intensity.

A number of high resolution laser experiments have been carried out at Cornell over the past

three years which demonstrate that persistent IR spectral holes (PIRSHs) can be generated at low

temperatures in the vibrational spectrum of small molecules, matrix isolated in crystals(3) and

glasses(4-6) even though no electronic excitation is involved, i.e., non-photochemical processes.

Commercial low power single mode Pb-salt diode lasers (-10 to 100 g.tW) have provided a near ideal

cw source for generating persistent IR spectral holes (PIRSHs) at low temperatures in solids. The

holes can be produced and probed with a single laser, focused to an intensity at the sample typically

up to 100 mW/cm2. The union of the IR Pb-salt diode laser and broad band FT interferometric

methods has produced a new high resolution spectroscopic technique for investigating both the

statics and dynamics of these molecules. In the discussion below we describe in more detail how

this probe has been used to learn about a variety of solid state dynamical processes.
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A. Hole Burning in Chalcogenide Glasses

1. Introduction

The discovery of PIRSH burning for the sulfur-hydrogen stretch mode in hydrogenated

As2S3 glass demonstrated for the first time that vibrational hole burning was not restricted to ionic

and Van der Waals solids, but could occur in covalently bonded glasses as well.(4.5) It was soon

found(6) that the As2S3:SH system was not an anomaly, but rather the first in a broad class of

systems. Several new host-impurity combinations, including D20, OD, and CO2 in As2S3, SeH

and CO2 in glassy Se, and SeH in As2Se3. have been successfully prepared, and all exhibit PIRSH

burning. So far, PIRSH burning appears to be a universal phenomenon in the chalcogenides.

A number of factors make impurity vibrational modes particularly well-suited for persistent

hole burning studies of the chalcogenides. The first of these is the matter of finding an impurity

which absorbs at a frequency where the host is transparent. Since persistent hole burning typically

relies on absorptions due to dilute impurities, relatively thick samples, on the order of a few

millimeters, are usually required to obtain the necessary absorption strength. It is thus imperative

that the experiments be performed in a frequency region in which the host is transparent. The
infrared-active vibrational modes of molecules made up of relatively light atoms have frequencies

which fall nicely within the transparent window of the chalcogenides, between the bulk phonon

absorption and the electronic band gap.

A second consideration is the ease with which the impurity can be introduced into the host.

An impurity with absorption at the right frequency is, after all, of no use if it is insoluble in the

host material. In this respect, the small, light molecules used here again appear to be ideal. It was

recognized as early as 1953 that exposing molten chalcogenides to air could lead to new IR

absorptions in the melt-quenched glass, although at that time the species present in the glass were

not identified.(7) Thus common atmospheric gases were obvious candidates for producing hole

burning defects. It has been found that many of these molecules, such as CO2 and water, go into

chalcogenide glasses so easily, and exist in the atmosphere in such large concentrations, that it is
very difficult to produce a sample without these impurities. Since chalcogenide glasses are

emerging as important materials for IR optical fiber applications, a better understanding of these
common defects is desirable.

Finally , because the chalcogenides are good glass formers over such a wide range of alloy

compositions, they offer a promising system for attacking the general problem of persistent hole

burning in glasses. The discovery of PIRSH burning in this system presents the possibility of

systematically determining correlations between the hole burning behavior and other composition-

determined properties of the glass. This work is still in its very early stages, but it will be seen that

substantial variations in hole burning behavior do exist within the chalcogenide system.
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Glasses of As2S3 , Se, As2Se 3 as well as the alloy Ge-As-Se have all been doped with smali

molecules and examined by PIRSH burning. We find that all molecule:glass combinations show

PIRSH burning and spontaneous hole filling at low temperatures. A diverse set of impurities in a

single host display very similar relaxation behavior, while identical impurities in different hosts

show strikingly different behavior. These results demonstrate the dominant role of the host in

determining the hole relaxation behavior. A similar pattern emerges for the hole widths in the

various systems in that the temperature dependence of the width appears to be determined solely by

the host, independent of the defect involved.

2. Discussion of the Findings

Examination of the infrared spectra allows unambiguous identification of the impurities
introduced in the doping process, and provides some information on the interactions between the

host and impurity. Key features of the infrared spectra are summarized in Table 1.

Table 1. IR absorption band positions, inhomogeneous widths and hole widths at
1.5 K for vibrational modes of various impurities in chalcogenide glasses.

Peak Width (FWHM) Hole Width (FWHM)
Host Impurity Frequency (cm- 1) (cm- 1) at 1.5K (GHz)

As2 S3  12C160 2  2323.2 6 0.080 + 0.003
13CI602 2258.0 6

18012C160 2306.5 6

a-Se 1k21 6 0 2  2321.0 6 0.080 + 0.005
641 -20

As2 S3  SH 2485 74 0.8 - 15 *

SD 1807 51 0.6 *
a-Se SeH 2194 53 0.81 - 8.5*

SeD 1589 33
As2 Se3  SeH 2189 108 1.1 - 10*
As2S3  D20 2679 59 1

1170 19
OD 2566 95 1

*Depends on burn frequency. Range indicated is merely that observed to date; actual upper limit is
probably much greater.

a. Temperature dependence of the hole width

Despite the considerable differences in the homogeneous and inhomogeneous widths for CO 2

and SH in As 2S3 shown in Table 1, and the strong bum frequency dependence of the hole width

observed for the latter, the temperature dependences of the hole width of these two defects in this

host are remarkably similar. Figure 1 shows the hole width as a function of temperature for the

SH defect in As2S3 for two burn frequencies, open circles and triangles. The temperature
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dependence of the hole width for CO 2 in As 2 S3 is shown by the open squares in Fig. 1(b). The
insert presents a low temperatureand high temperature hole burnt spectrum. In all cases the hole is

burned and probed at the same temperature.

20 / 1.0

I./ , I

"N /
M

/ 0.6-
-1.5 0.0 1.5

c-10 0 Frequency (GHz)

S/ 0.4
0

'5
(a) 0.2 (b)

0 0.0 _ __

0 20 40 60 0 20 40 60
Temperature (K) Temperature (K)

Figure 1. Hole width (FWHM) as a function of temperature. In each case, holes are burned and probed at the same

temperature. Lines are power law fits described in text. (a) SeH in a-Se burned at 2209 cm-1 (solid squares, dashed

line), and SH in As2 S3 burned at 2504 cm- 1 (open triangles) and at 2463 cm-I (open circles). (b) CO2 in As2S3

burned at 2324.2 cm-1. Inset shows the appearance of the hole at 1.6 K (narrow hole) and at 46 K. Plotted is the
laser-induced change in absorption versus the offset from the burning frequency. The vertical scale for the much

shallower 46 K hole has been expanded to allow comparison of shapes.

In each case note that the hole width does not appear to vanish as T approaches zero, but
rather approaches a finite value not significantly smaller than the width at 1.5 K. Above this low

temperature value, which is presumably determined by the excited state lifetime, the hole width

increases approximately as T2 .for the open circles, triangles and squares. The hole width Av (T) is
well described, over the entire temperature range studied, by a power law of the form

Av(T)= Av0 + aTb. (1)

The best fit for CO2 in As2S3 is obtained with Av0 = 80 MHz, the temperature exponent b = (2.2

± 0.3), and a = 0.096 MHz / K2.2 , as shown by the solid line in Fig. l(b). Fits to the two data

sets for the SH defect in As2 S3 yield the following values: temperature exponent b = (1.97 ± .1),

and the coefficient a = 3.4 x 10-3 GHz/ K1. 97. The zero temperature widths are Av0 = 0.8 GHz

and Av0 = 3.6 GHz for the 2503 cm-1 and 2462 cm-1 data, respectively. Note that for the two

6



bum frequencies shown for the SH defect, only Av0 differs, while a and b are apparently

independent of the burn frequency.

Though the temperature dependences for two different defects in As2S3 are virtually identical,

the behavior in a different host, a-Se, shows obvious differences. The solid squares in Fig. 1 (a)

represent the hole width as a function of temperature for the SeH defect in a-Se between 1.6 K

and 56 K for holes burned at 2209 cm- 1. For comparison, the 2503 cm- 1 data for SH in As2S3

are also included. The a-Se:SeH data can again be fit Gver the entire temperature range using Eq.

1, but the hole width no longer goes as T2. Instead the fit yields tem'nerature exponent b = (1.27 +

0.1), with Av0 = 0.79 GHz, and a = 0.11 GHz/ K1.27. It is clear that, although the hole width for

a-Se:SeH increases more rapidly with temperature than does that for As2 S3:SH, it does so in a

more nearly linear fashion.

The problem of optical dephasing in glasses has drawn much attention(s) ever since it was

first discovered@, 10 ) that homogeneous linewidths for rare earth ions in inorganic glasses at low

temperatures are much larger and follow very different temperature dependences than those for the

same impurities in crystalline hosts. The experimental picture has become more complex with the

temperature dependence below 10 K varying from T1 .0 to T2.2 for a wide range of impurities in

both organic and inorganic systems, with little apparer.t pattern to these results, except possibly for

the rough tendency for organic systems to fall neat T1 3 and for inorganic systems to fall near T2 .

A variety of theoretical models have been put forward to account for these properties.(l 1-4)

The obvious diffe.--nce between the two glasses examined here is that Se glass consists of

weakly interacting chains of two-fold coordinated Se atoms, while in As2Se 3 these chains are

cross-linked by three-fold coordinated As atoms. This result suggests a relation between the

microscopic topology of the glass network and hole relaxation behavior, but chemical effects due

to the presence or absence of As can not be ruled out. The importance of this result, however, is

that both glasses are members of a large class of glass-forming alloys which allow continuous

variation of structure by varying alloy composition, opening the way for a systematic study of the

effects of network topology on spectral hole behavior.

The role of microscopic topology in determining the properties of glass-forming compounds

has been explored theoretically for several years. The concept of an average atomic coordination

number was used by Phillips(15) in constraint counting arguments explaining the strong glass-

forming tendency of certain alloy compositions. These ideas were later refined by Thorpe et

al.(16-18) who, by evaluating the number of zero-frequency "floppy" modes as a function of the

coordination number, predicted a rigidity percolation transition from a soft to a rigid structure

should occur at a coordination number of 2.4.

The ternary Ge-As-Se system is particularly well-suited to testing the validity of these

7



topological concepts because its large glass-forming region makes it possible for a given value of
the average coordination number <r> (given in this case by <r> = 4 XGC+3XAs+2XsC, where X is

the mole fraction) to be realized with a continuous range of chemical compositions, allowing purely

topological effects to be distinguished from chemical effects.

b. Spontaneous hole filling in the ternary Ge-As-Se system.
After burning ceases, PIRSHs burned in all these glass systems are observed to decay in a

strongly non-exponential manner. One aspect of the PIRSH burning behavior of molecular

impurities in chalcogenide glasses w'iich sets these systems apart is tha. the spontaneous relaxation
from the burned to unburned configu -ations takes place on an experirnentally accessible time scale,
allowing this relaxation to be observed over a much wider dynamic range than in the much more

slowly relaxing amorphous systems :;tudied in the visible by other workers.(1 9,20)

Infrared absorption spectra showing the SeH stretch absorption bands produced in the
various host alloy glasses by this procedure are displayed in Fig. 2. Note. that the SeH bands, all

having maxima at roughly 2200 cm-I and widths on the order of 50 cm-1, have considerable
frequency overlap among the various hosts, allowing hole burning experiments to be carried out at

a single frequency in all samples.

2-

02

E .(7-2A., I() .(r-me, )
0

CL

2
or

2000 2400 2000 2400
Frequency (cm-) Frequency (cm-)

Figure 2. Infrared absorption spectra at 1.5 K, showing the SeH stretch bands in ten glasses in the Ge-As-Se
system: (a) glassy Se, (1) As0.2Se0 .8, (c) Ge0 .089 As0.022 Se0 .889, (d) As2 Se3 , (e) Ge0.1As0 .2Se0 .7, (f)
Ge0.133As0.133Se0.73 3, (g) Ge0.15As0 .10Se0.75 , (h), Ge0.1As0 4 Se0.5, (i) Ge0.2As0.2 Seo.6 , and (0)
Ge0 .3As0.2Se0 .5. The value of the average coordination number <r> is noted for each spectrum. The vertical line

indicates the laser frequency 2227 cm- 1, used in the hole burning experiments.
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Figure 3 displays the results of the 1.5 K hole relaxation experiment for ten compositions in
the Ge-As-Se system, chosen so that there are two compositions having <r> = 2.2, four having
<r> = 2.4, two having <r> =2.6, and one composition each for <r> =2.0 and <r> = 2.8 The hole
depth, plotted as a function of the time t after burning ceases, is normalized to unity at t--0 for each

composition.

1.0

- 0.8 •(r)-2.0
QA-0.8

0 0-6

a0.4.

0

0.2- (r)-2.8

0.0
10-2 1o-1 100 10, 102 103 104

Time (seconds)

Figure 3. Spectral hole refilling at 1.5 K for the SeH absorption in Ge-As-Se glasses. Data points show the hole
depth, normalized to unity at t=O, as a function of time t after burning ceases for ten different compositions burned

and probed under identical conditions. The average atomic coordination numbers <r> and compositions of the ten
samples, listed in order of decreasing relaxation time, are as follows: <r> = 2.0 - glassy Se (open squares); <r>
= 2.2 - As0 .2Seo.8 (solid triangles), Ge 0 .089 As0 .0 22Se. 889 (solid circles); <r> = 2.4- Ge 0 t5Aso.0 oSe 0 .75

(0); As2Se3 (open circles), Ge0. I As0.2Se0 .7 (open triangles), Ge0 .133As0. t33Se0 .733 (+), <r> = 2.6 -
Ge0. iAs0 4Se0.5 (open diamonds), Ge0 .2As0.2Se0.6 (open stars); <r> = 2.8 - Ge0 .3As0.2Se0.5 (solid squares).
Solid lines are fits, for each set of compositions having a given value of <r>, to a Gaussian distribution of tunneling
parameters, described in the texL

The key result is that all compositions having a given value of <r> follow virtually identical

hole relaxation curves. Throughout the composition range studied here, the overall hole relaxation

rate increases monotonically with <r>, with holes at <r>=2.8 decaying over three orders of

magnitude faster than those at <r>=2.0. This monotonic variation with <r>, however, shows no

indication of a rigidity transition or any other unusual features at <r> = 2.4.

The direction of the trend exhibited in the present results, slow relaxation at small <r> and

rapid relaxation at large <r>, is quite surprising if one takes the simplistic view that refilling rates
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are determined primarily by the height of the barriers between configurations, and that large

barriers correspond to a more rigid structure. Such a view would predict that since systems with

small values of <r> have the least rigid structures, relaxation would be most rapid in these

systems, the opposite of the observed trend. Clearly a more sophisticated approach of enumerating

as a function of <r> the configurations available to hole burning and the barriers between them is

required to explain these results.

Given the complexity of glassy systems, however, the existence of a single simple

parameter, <r>, which can predict spectral hole relaxation behavior is remarkable indeed. The
implication, that simple geometrical considerations play the predominant role in determining

spectral hole burning behavior, should prove an invaluable clue in the quest for a microscopic

theoretical understanding of low temperature relaxation phenomena in glasses.(21)

B. Persistent IR Spectral Hole Burning of Tb 3 ÷ in Alkaline Earth Fluoride

Crystals

1. Introduction

Persistent non-photochemical spectral hole burning, in which an electronic state is excited but

the defect returns to the initial electronic configuration during the hole burning process, has been

observed for a wide variety of impurities in glasses.(1 9,20 ) The standard model for non-

photochemical hole burning in glasses(19) assumes that excitation of the impurity leads to a

configuration change in the host surrounding the impurity, resulting in a shift of the impurity

transition frequency away from the frequency of the exciting laser. The large number of nearly

degenerate configurations available to the atoms of the glass, prerequisite for hole burning by this

mechanism, is also invoked in the tunneling model(22.') for the low temperature thermal

properties of glasses. The observation(24) of glass-like low temperature specific heat, thermal

conductivity and internal friction in the mixed crystal Baj..xLa"F 2+, suggests that this class of

materials, like glasses, may have the multiple configurations necessary for non-photochemical hole

burning. But will an inner shell f state IR transition provide enough of a kick to the surroundings

to disturb the local environment around the rare earth ion?

This past year we have found persistent IR spectral holes in the inhomogeneously broadened

4.5 gIm 7F6 -> 7F5 electronic absorption band of the Tb3+ ion in the mixed crystal

Baj.x.yLaxTbyF2+x+y. These PIRSHs display the characteristic properties of spectral holes burned

in true glasses, including highly non-exponential hole relaxation on time scales ranging from a few

minutes to many hours, and a broad distribution of barriers observable in thermal cycling
studies.(25)

2. Results and Discussion

Like La, Tb forms a 3+ ion when introduced into BaF2, and substitution of either La 3÷ or
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"Tb3* for Ba 2÷ results in a nearby interstitial F- ion necessary for charge neutrality. Similar
glasslike behavior is therefore expected to be produced by the introduction of either La3* or Tb3+
ions; however, the unfilled f shell of Tb3I produces absorption lines in the IR.

Infrared absorption spectra at 1.6 K for samples having various La and Tb concentrations are
shown in Fig. 4. The overall effect of increasing the lanthanide concentration is to increase the
degree of inhomogeneous broadening of the Tb3+ electronic transitions, so that sharp lines
associated with a specific defect cluster apparent at relatively low concentrations eventually broaden
and merge into a single inhomogeneous band at the highest concentrations.

E2k (b)

ol.2 0

.2 (d)

0 (1(d)

2 
(e)

0 .
2100 2300 2500 2700

Frequency (cm-')

Figure 4. Infrared absorption spectra of Ba1.x-yLaxTbyF2+x+y mixed crystals at 1.6 K, showing the Th3+ f-shell
electronic transitions. The La and Tb fractions, x and y, are (a) x = 0, y = 0.05, (b) x = 0.05, y = 0.05, (c) x = 0.10,
y = 0.05, (d) x = 0.15, y = 0.05, (b) x = 0.30, y = 0.05. The vertical line indicates the laser frequency, 2220.2 cm-1 ,
used in determining the hole burning quantum efficiency for each composition.

PIRSH burning has been observed for Bal-x.yLasTbyF2+x+y.Samples having the following
four compositions: y = 0.05; x = 0.05, 0.10, 0.15, and 0.3.

A possible mechanism for spectral hole burning which we have been able to rule out is an
internal relaxation bottleneck in the Tb3÷ ion itself. We have observed hole burning by such an
internal optical pumping mechanism in another rare-earth-doped alkaline earth system, CaF2:Pr 3+.

11



In this system we observe spectral hole burning for transitions in the crystal field split 3H4 -> 3H5

manifold at roughly 4.5 pm. Our results are that for 1.0 atomic percent Pr3+, the transition at 2182

cm-I produces a complicated spectrum of holes and antiholes with the antihole falling at the laser

frequency. All of these holes relax exponentially at 1.6 K with a lifetime of 36± 1 s. This

behavior is reminiscent of that observed for Pr3+ hole burning in the visible region, for which the

hole burning mechanism is optically pumped population redistribution among the hyperfine-(26) or

superhyperfine-split( 27) ground levels of the Pr3÷ ion, with hole filling occurring at the

characteristic spin-lattice relaxation rate.(28) The present results for CaF2: Pr3+ 3H4 -> 3H5

transitions are the first instances of hole burning by this optical pumping mechanism to be

observed in the mid-infrared region.
To test whether PIRSH burning in the Bal a F system could be due to such a

mechanism, we investigated a sample with no La and only 0.5 percent Th. Since hole burning via

internal population redistribution of the ion itself should occur at any concentration this low

concentration sample would display PIRSH burning similar to the other samples if the optical

pumping scheme were responsible. Since no effect was seen we have been able to rule out the

internal optical pumping mechanism for the BajxyLaxTbyF2,+y system. That the hole burning

mechanism in is not internal optical pumping is further emphasized by the highly non-exponential

nature of the hole decay, with very long hole lifetimes (many hours) occurring at the slow end of

the distribution of relaxation rates.
With PIRSH burning we have identified two unusual properties of the Bal-xyLaxlbyF2+x+y

system. One is that the hole burning quantum efficiency is independent of the La concentration.
One might have expected a dramatic increase in the quantum efficiency on the grounds that

increasing La3+ would increase the fraction of Tb3+ sites having sufficient local configurational

multiplicity for hole burning. The results however suggest that the effect is already nearly

saturated by the presence of Tb3+ itself at concentration of 5 %. This is consistent with the idea

that that the multiple configurations associated with hole burning are somehow associated with the

F- interstitials which are produced by the introduction of trivalent rare earth ions. The absence of

hole burning for the low concentration sample implies that hole burning only occurs when the

trivalent impurity concentration, and hence the density of interstitials, is greater than some critical

value, somewhere between 0.5 and 5%.

The other unusual property has to do with PIRSH relaxation. Monitoring the evolution of

the hole size after burning ceases reveals highly non-exponential refilling following a form virtually

identical to that observed for PIRSHs burned in glasses as described in the previous section.

Figure 5 shows the integrated area of the PIRSH burned and probed at 1.6 K, proportional to the

number of centers remaining in the hole burned configuration, plotted as a function of time after the

burning laser is removed, for two compositions, (x = y = 0.05), and (x = 0.30, y = 0.05). The
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Figure 5. PIRSH relaxation at 1.6 K for two compositions in the BaI x.yLax~hyF2+x+y system. x - 0.05, y =

0.05 (solid tangles) and x = 0.05, y = 0.30 (open squares). Plotted for each case is the integrated area of the spectral

hole as a function of time after burning ceases, with the hole area normalized to unity at t = 0. The initial holes

were burned for 15 minutes at 2220 cm 1I,. Solid line is a fit to a gaussian distribution of tunneling parameters.

PIRSH relaxation behavior for the two compositions is identical within experimental error.

The important conclusion is that persistent spectral holes have been observed for the first time

for a non-photochemical transition of a rare earth ion in a crystal. The results are strikingly similar

to non-photochemical hole burning in glasses. See for example, Fig. 3. Both the highly

nonexponential hole relaxation at 1.6 K and the broad distribution of barrier heights seen in thermal

hole erasure measurements are typical signatures for glassy systems. It is quite surprising that the

frequency independent density of tunneling states found in glasses to produce persistent hole

burning can be generated in a single crystal with a localized electronic defect plus a vacancy.

C. N0 2 " Ions in Alkali Halides

1. Hole Burning on the Internal Bending Vibrational Mode of NOj

Glassy behavior in crystals needs to be characterized more completely. One way to do this is

to return to the simplest possible crystal and identify what are the minimum conditions for the

persistent spectra effects. In our attempt to enumerate the different possibilities we have found that

vibrational manifold burning generates multiple persistent effects.

The asymmetrical bending mode transition of NO2 " in KC1 and KBr consists of a complex

spectrum made up of five absorption lines, four components symmetrically spaced around a weak

central line.(29) Hole burning at any of the four components produces additional satellite holes in

the other three, indicating that all four lines stem from the same dynamical properties of an
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individual molecule. A typical spectrum is presented in Fig. 6.
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Figure 6. Manifold IR hole burning in the bending mode absorption specmum of KCI + 0.012% KNO2 at 1.6 K.

Two interferometer traces are shown at 0.03 cm-I resolution, one before and one after a hole is burned with a diode

laser at a frequency of 803.91 cm- I. The burned spectrum contains not only the sharp hole at this frequency but also

three other satellite holes labeled (S).

Such experiments have shown that the complex spectrum is produced by rotational tunneling of the

N about the 0-0 axis, which is fixed in the octahedral cage, and that the hole burning is associated

with the reorientation of the 0-0 axis in the crystal. Hence the bending mode spectrum can be

described by a Q branch surrounded by P and R branches.

Another persistent -ffect that we have uncovered for this lattice-defect system consists of

burning at one vibration:., mode frequency while monitoring the persistent changes produced in the

other internal or external (localized phonon) modes with a high resolution FT interferometer. This

procedure has been used effectively to identify the localized phonon modes of the particular defect-

lattice system.(30 -3 1) When NO2- is doped into KI, a single bending mode transition results,

different from that previously described for KCl and KBr hosts. PIRSH burning on this transition

confirms that the equilibrium molecular orientation, has the permanent dipole along the < 100>

direction with the molecule plane in a <110> direction which is not the same as for the other two

hosts.

In addition to the internal vibrational modes of the molecule, three low lying far IR

excitations are found at frequencies in the gap between the optic and acoustic phonon branches.

By doping the crystal with molecules containing an i6otopic mixture of N-14 and 15, as well as 0-

16 and 18, and then monitoring the forest of far IR lines in the KI gap region while sequentially

burning on each of the isotope-shifted IR bending modes with the diode laser, the far IR isotope

shifts of all of the gap-mode isotopic combinations have been identified. See Fig. 7. The different
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Figure 7. Spectral changes in the FIR gap modes produced by hole burning the isotope shifted IR bending mode of

NO2. (a) The FIR spectrum of KI nominally doped with 0.1% KNQ3 (40% 180 enrichment). (b) and (c) show
the FIR gap mode absorption changes produced by burning the (14,16,18) IR v2 mode with laser polarization
parallel and perpendicular to the interferometer beam axis. (d) and (e) are the gap mode changes produced by burning
the (14,18,18) IR v2 mode with the same two laser polarizations.

far IR isotope shifts for the different lines show for the first time that the lowest and highest
frequency transiticas in the gap are due to translational localized modes of the NO" defect, while
the third has a mixed translational-librational character.(31 ) Such information is crucial for any
lattice dynamical calculation of this low symmetry defect-lattice system. The general conclusion is
that vibrational hole burning can be expected to influence the entire spectrum produced by the

defect, including the impurity induced absorption in the phonon spectrum. No glassy states are

associated with the persistence observed in this system.

D. Calculations and Simulations of Stationary Vibrational Solitons in Crystals.

1. Procedure
The possibility of intrinsic localized modes in pure anharmonic crystals for sufficiently strong

quartic anharmonicity(32-3) has been confirmed by numerical simulation studies(35,36) in one and

two dimensions. In some ways the results are reminiscent of the defect induced local modes. For

example, the one simulation for a 1-D diatomic anharmonic lattice shows that intrinsic local modes

appear both in the gap between the optic and acoustic plane wave spectrum as well as above the

optic branch(36) similar to the spectrum generated by a point defect in a harmonic diatomic

lattice.(37 ) Although the original analytical study(32) focused on the odd parity vibrational mode,

which in one dimension has essentially the amplitude pattern of a simple triatomic molecule, both
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the simulations( 35,36) and the more recent analytical work by Page(38) have shown that an unusual

even parity mode with the vibrational pattern of a diatomic molecule also exists. So far all efforts

have been directed at characterizing and understanding the large anharmonicity regime.

We have studied analytically an experimentally relevant problem: the influence of hard but

small quartic anharmonicity on the vibrational spectrum of a monatomic lattice with nearest

neighbor force constants.(39) We find that both odd and even localized modes are possible for all

values of the anharmonicity parameter but the odd mode is determined to be the fundamental

intrinsic localized excitation. With a first order correction to the rotating wave approximation we

also demonstrate that the frequency of the odd mode at co. as a function of the anharmonicity

parameter is red-shifted by a few percent due to the presence of a higher frequency local mode at

3o.. In all cases the amplitude at 3ot is a small fraction of the amplitude at CoL so that the response

from still higher frequency components at 5woL, etc., can be ignored. Typical results obtained from

these calculations are shown in Fig. 8.

For weak anharmonicity these modes become delocalized, while they take on the vibrational

pattern of a small molecule when the anharmonicity becomes large. This identification of the weak

anharmonicity limit permits us for the first time to address the question of the existence of

anharmonic local modes in ideal crystals. With anharmonic parameters similar to those found in

alkali halide crystals the energy needed to produce these modes in all three dimensions is estimated.

We find that thermal motion alone may not provide enough amplitude to support these modes in a

6.0

-(Coi/Cjrm)
2

5.0 - 10

t'4.o / //.
4.0/

a-3.0

73D

2.0

1.0
0.0 1.0 2.0 3.0 4.0

A

Figure 8. Local mode frequency versus A as calculated by two different rotating wave approximations. The dashed

curve follows from the single frequency rotating wave approximation while the solid curve includes an additional

contribution from the third harmonic term.
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lattice with the anharmonicity of pure LiF. On the other hand, at some defect sites the requirements

could be less severe and anharmonic modes might be generated by a nonthermal process such as an
optical excitation of the F center, which introduces an energy equivalent of -40 Debye phonons

into the lattice. The large anharmonicities found in solid He and near ferroelectric systems should

provide friendly environments for these localized modes.
For the particular case of a 2-D square lattice the simulations for a number of different initial

conditions have been made into a video. We have found that the difficulty associated with
interpreting the dynamics of the coupled nonlinear equations is completely bypassed when the
video is viewed first. The set of force equations to be studied have the form

d2un = K2(un+ I + Un- - 2un) + K4[(un I Un)3 (un -n -)1)3], (2)
dt

where K2 is the harmonic and K4 the anharmonic force constant, a is the magnitude of the
magnitude particle displacement and the relative strength of the anharmonicity is given in terms of

the dimensionless parameter A = K4a 2/K2. For sufficiently large A a local mode appears above
the top of the plane wave spectrum for the anharmonic lattice.

This effect is illustrated in a number of ways. First by showing the dynamics for a harmonic

lattice and an anharmonic lattice excited at the same time with the initial condition shown at the top

left of Fig. (9) For the harmonic lattice the excitation rapidly moves away from the point of

excitation until all particles have the same amplitude. Since the lattice has 20 x 20 particles, this
amplitude is imperceptible on the TV screen. In contrast the anharmonic lattice picture displays a
localized excitation throughout the viewing interval. The next scene, using the same initial

conditions, compares a large amplitude displacement with a small amplitude one both for the
anharmonic lattice. Since the small amplitude was chosen such that a local mode would not be

formed the time evolution of this picture looks the same as for the harmonic lattice, i.e., the

excitation spreads evenly over the entire array of particles.
The rest of the scenes show the interesting results that can be generated by superposition. If

two odd modes are started on next neighbor sites with amplitudes of their respective eigenvectors x
out of phase with each other as shown at the top right of Fig. (9) then the result is a vibrating even
mode. Next four odd modes are superimposed on the four next neighbor sites, again 7 out of
phase with each other as shown at the lower right of Fig. (9). The result is a breathing vibrational
mode, as long as the transverse and longitudinal force constant are set equal to each other. If the
transverse force constant are less than 0.9 of the longitudinal, we find that the breathing mode
breaks up into four separate modes which are repelled from each other and move out along the ± x
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Figure 9. Initial conditions for a two dimensional square lattice to illustrate different simulation results. In the top
left frame a single particle is plucked with amplitude ca at t = 0 and subsequently the amplitude of all atoms are
determined as a function of time. The top right frame shows the superposition of two odd modes on neighboring
lattice sites. The lower right frame shows the initial conditions for four odd modes on next nearest neighbor sites.
The lower left frame shows the circularly polarized initial condition with maximum amplitude in the x direction and
maximum velocity in the y direction for an odd mode.

and y axes. Finally we have investigated an odd mode with maximum amplitude in the x direction
and maximum velocity in the y direction at t = 0 as shown at the bottom left of Fig. (9). The result
is a circularly polarized localized vibrational mode which carries angular momentum. The most
surprising thing about each of these superposition examples is that it works. Recall that the
localized modes are solutions of coupled nonlinear equations.

E. KI:Ag+ Vibrational Dynamics: First Evidence for Vibrational Solitons in

Crystals

The silver ion in KI is the most thermally unstable lattice-defect combination known. At 1.2
K the Ag+ ion takes the same equilibrium position as the K+ ion it replaces but by 20 K it is in an
off-center position.(40 ,41) A fundamental problem is to understand within the framework of lattice
dynamics how the system can move so rapidly between these two lattice-defect arrangements with
temperature.

To experimentally track the temperature dependence of different aspects of the coupled
defect-host system, we have made UV measurements which follow the Ag+ ion itself and then
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Raman scattering results which monitor the disappearance of the Eg mode and the appearance of a

new A1 symmetry resonant modeas the temperature is raised. Page has calculated the spectral

properties of IR and Raman active features for the on-center configuration and finds that the

harmonic approximation gives a good account of the low temperature IR and Raman data, for a

model in which the defect and surrounding host ions remain strongly coupled yet are quite close to

being unstable against Tju displacements. The results together imply that the observed temperature

dependence of the on-center spectral features simply reflects the population in this state. The

system is in either the ground state configuration or not; a continuous evolution of the on-center

defect dynamics with temperature does not occur.

2. Results

To monitor the position of the Ag+ ion with temperature we make use of the known optical

behavior of this ion in alkali halide crystals, which can be understood in terms of the 4d0 -.-

4d95s parity forbidden transitions of the defect.(42) These transitions are made allowed by vibronic

coupling to the odd parity vibrational modes, or if the defect is off center, by the static odd parity

lattice displacement; the larger the odd parity contribution the larger the line strength.

Figure (10a) shows the measured UV absorption spectrum of KI:Ag+ for two different

temperatures. Note that over this temperature range the center frequencies remain essentially fixed.

A linear concentration dependence establishes that these three features, labeled A, A' and C in the

nomenclature of Ref.43, are associated with isolated Ag+ ions. To display the three lines in one

figure, three different Ag+ concentrations are required as described in the caption. The strength of

the strong UV line C shown in Fig. 10a is temperature independent, and it is assigned to a

delocalized excitation involving electron transfer from a nearest neighbor anion. The weak lines A

and A' are assigned to the Ajg(4d1 0) -- T2g(4d 95s) and Aig(4dI0) -ý Eg(4d 95s) transitions,

respectively. They display very little strength at 1.2 K but grow rapidly with increasing

temperature. The change is much faster than can be obtained from the occupation number effect in

the TI. resonant mode.

We find that the increase in optical strength of A and A' with temperature is identical to that

found earlier for the increase in the dc dielectric constant produced by the appearance of a

permanent dipole moment with increasing temperature. This latter change was shown(41) to be

proportional to the population Poff in the off-center configuration. By letting P. = 1 - Poe, both

the UV (squares) and dielectric constant (dotted line) data can be compared directly with the value

of P0 n determined from the temperature dependence of the T1 u resonant and gap mode strengths

(dashed line)(4 1). These results are graphed in Fig. 10b. All three experimental probes

consistently measure the same rapid change in the population of the on-center configuration.

A new discovery is the strong temperature dependence of the Raman scattering. As temperature is

increased, the scattering strength of the previously observed 16.1 cnm1 E9 mode decreases rapidly
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Figure. 10. (a) KI:Ag+ UV absorption spectra. Dashed line, T = 50 K, dot-dashed line, T = 1.2 K. Silver

concentration: (1) 2 x 10-2 mole %, (2) 2 x 10-3 mole %, (3) 5 x 10-5 mole %.

(b) Ag+ on-center population temperature dependence, as determined by various measuring techniques. Dashed line,
FIR resonant and gap mode data, Ref. 1. Dotted line, dielectric constant data , Ref. 2. Squares, UV absorption, A'
mode, see text. Solid circles, Raman scattering, see text.

(see the solid circles in Fig. lOb), yet its center frequency stays nearly fixed. The temperature
dependence of this Raman line is similar to that of the IR(4) and the optical features discussed
above, but it takes on added importance because the Eg mode involves no motion of the Ag+ ion.

The picture resulting from combining our experiments with Page's theoretical analysis is that
of a nearly unstable low temperature defect-host configuration whose dynamics are explained
within the harmonic approximation but whose population decreases dramatically with temperature.
Thermal energy does not appear to modify the ground state dynamics. This behavior is in sharp
contrast with that of "soft mode" systems, which also involve nearly unstable collective motion,
but with dynamics that evolve continuously with temperature. Thus an approach fundamentally
different than those for soft mode systems is required.
3. Cocuin

One way to explain the rapid transfer of population from one configuration to the other in
with degeneracy. If the on-center configuration had a single state how much degeneracy would the
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other corfiguration require to explain the experimental results? The answer is larger than 300

states' To see how this might come about let's first consider the thermodynamics of localized
modes in perfect anharmonic crystals.

The production of these localized modes require the crystal energy to be increased over that

found for the perfect crystal, but associated with the defect is crystal disorder which gives rise to

an additional contribution to the entropy called configurational entropy, S,. For a localized defect

the Helmholtz free energy is given by

F = F0 + nf - TSc , (3)
where F0 describes the contribution from the perfect crystal, nf is the work done in creating n

defects, and -TSc gives the contribution from the disorder. Minimizing the free energy with

respect to the number of defects n for the limit where n << N gives

n - N exp(- f/kBT). (4)
For the strorgly localized mode limit the number of these modes present at any temperature is

given by Eq. (4) with

f = Ae - TAsV (5)
"w here

AE = 3(ft - h€om)/2 + pv (6)

is the extra energy required to form this localized excitation at frequency oý from the band mode at
an effective band edge frequency co,. There is a pv term here because the amplitude of the zero

point motion at 4 is larger than that at corn with the difference in the zero point volumes equal to v.

In general, Asv = s, - sm is the change in the vibrational entropy because of the energy change in
the highest frequency mode but at low temperatures this term is zero.

The configurational entropy for the local mode case can be estimated as follows: Let Vd be

the volume associated with a single localized mode in a crystal of volume V. The number of

possible places where the mode can appear is (W Vd) which is assumed to be a large macroscopic

number, hence

Sc - kB Iln (V/Vd)! /[(V/Vd) - n]!n! (7)
and for the limit that n << (V/ Vd) - N, the number of sites in the crystal then

n - N exp(- Ae /kBT). (8)

At T = 0 K the local mode is not present; instead the highest frequency plane wave mode occurs at

frequency con. Equation (4) also shows that the number of anharmonic defects at low temperatures

will be small since f/kBT >> 1. It is expected that these modes can move from site to site so that

the lattice can recover the translational symmetry once destroyed.

If the crystal contains defects then anharmoric localized modes can exist at T = 0 by

appearing at the defect site. However, since these modes are mobile in the perfect lattice then at
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some temperature T, the localized mode can be released from the defect site and move through the
lattice. Since the mode can move in any direction in k space there are a large number of closely

spaced levels in this second configuration, i.e., it has a large degeneracy.

For the particular case of KI:Ag÷ the release of a large amplitude localized breathing mode

into the lattice would not only account for the large number of states in the second configuration

but also with the large amplitude mode removed, the Ag÷ ion would . :cupy a larger volume cell

hence cell with the possibility of acquiring an off center equilibrium position. Hence, it now

appears that the occurrence of rapid temperature dependences in defect signatures such as the

optical properties of "harmonic-like" vibrational modes at low temperatures may result from

localized anharrnonic modes being released into the lattice.
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